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THE EFFECTS OF OIL CONCENTRATION AND
DROPLET DIAMETER IN OIL-IN-WATER EMULSION
ON STRIP ROLLING
P.B. Kosasih, A.K. Tieu, W.H. Li, C. Lu
School o f Mechanical, Materials and Mechatronics Engineering
The University o f Wollongong, Wollongong, NSW 2522, Australia

Summary
A numerical scheme, which allows tracking o f the concentration process within both the
inlet and wok zones, has been developed. The scheme allowed us to calculate the rolling
pressure and friction associated with the process for different emulsion’s oil
concentrations,
and oil droplets diameter, ds. Hence the intertwined effect o f A,ds, ds
and rolling speed on strip rolling parameters could be analyzed. The result shows that
rapid concentration, which occurs in the inlet zone, increases the em ulsion’s oil
concentration sharply. This process effectively transforms the oil into the continuous
phase o f the emulsion. The analysis o f the results also suggests that it is possible to
reduce the emulsion oil concentration without detrimental effects on the rolling process.
The use o f emulsion results in a slight increase in rolling force. Despite this less
favorable outcome o f using emulsion it is possible to control exit film thickness H t2 with
an appropriate combination o f oil concentration level and droplet sizes.
Keywords: droplet diameter, emulsion, equivalent viscosity, extended Reynolds
equation, mixed film lubrication, oil concentration, surface roughness

1 INTRODUCTION
Oil in water (O/W) emulsion is a lubricant composed o f oil in the form o f droplets
suspended in water. It has become a common lubricant in strip rolling applications due
to its cost, cooling ability and non-flammable characteristic whilst providing good
rolling lubrication. An O/W emulsion generally contains 1% to 5% weight o f base oil
made of natural, mineral, or synthetic oil with droplet diameter that typically exists in
the range from 2 to 20pm, emulsifier agents and water. In producing a certain emulsion
it is possible to control the oil concentration, droplet size and emulsion stability through
the types o f emulsifier used and the emulsifier concentration level [1]. However there
has been limited information as to the performance o f O/W emulsion o f different
concentration level and droplet size in terms o f rolling performances.
The lubricating mechanism o f emulsion has attracted many researchers to investigate it
and lead them to focus on the oil droplets capture and concentration process. Various
theories such as plate-out theory [2], mixture theory [3], dynamic concentration model
[4] and extended Reynolds equation with effective viscosity [5,6] have been proposed.
The existing theories o f emulsion lubricated rolling process have contributed
significantly to the understanding o f lubricating property o f emulsion. Nonetheless a
complete analysis o f the effects o f oil concentration and droplet size in the emulsion on

rolling parameters such as rolling pressure, film thickness, fractional contact area, and
variation o f oil concentration has not been reported elsewhere. This paper aims to study
these effects and presents the result in practical terms.

2 THEORETICAL EQUATIONS
The paper considers mixed-film lubrication rolling process in which the analysis is
divided into two active lubrication zones namely: work zone (WZ) 0 < x < Xi and inlet
zone (IZ) xi < x < xa. Furthermore the inlet zone (IZ) is divided into non-contact region
(IZ1, full-film) xb < x < xa and contact region (IZ2, mixed-film) X) < x < xb, where xais
the starting location o f the hydrodynamic pressure and xb marks the position where
asperity on the strip starts to make contact with roll surface. Prior to the inlet zone oil
droplets are captured in the conjunction. The effectiveness o f the droplet capture process
is represented by a capture coefficient (C) introduced by Schmid and Wilson [7]. In
effect this coefficient defines the film thickness at the starting o f the concentration
process (hs) i.e.
hs = C ds

(1)

As there is little pressure increase and low w ater’s pressure-viscosity coefficient it can
be shown [7] that the oil concentration in the concentration region between xa and the
start o f the concentration process (see Fig. 1) follows
hs Zds = h Zd

(2)

From x a hydrodynamic pressure starts to develop and we [8] have developed a
concentration model based on the extended Reynolds equation o f Yan and Kuroda [5,6].
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where Ht = non-dimensional average film thickness, Ht Xa = Ht at xa, R = reduction ratio,
T = non-dimensional strip thickness, Z = outlet speed ratio, Zd = oil concentration, Zc =
water concentration and cp = non-dimensional lubricant pressure. Eq’s. (1), (2) and (3)
govern the oil concentration in the emulsion throughout the rolling zones shown in Fig.
1. The model describes variation o f oil concentration at any point in the both inlet and
work zones. C can be obtained from the boundary conditions for the oil concentration ie.
cp(Xa) = 1, Zd(Xa) = Zdsa, and Ht(Xa) = H, xa. Solution o f Eq.(3) is a root finding
problem. To obtain other rolling parameters these equations are solved simultaneously
with Reynolds equation and equilibrium equation o f the plastic flow o f the strip.
Inlet zone X a > X > Xi
In the inlet zone the strip velocity is constant. Thus from the Reynolds equation the
lubricant pressure is governed by
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where G = non-dimensional pressure coefficient, S = non-dimensional speed, 4> = flow
factor corrector.
roll C L

Figure 1: Schematic o f the rolling process and the concentration region
Work zone Xi > X > 0
The lubricant pressure in the work zone is obtained by solving Reynolds equation, Eq.
(5) together with the equations for interface pressure, Eq. (6) and asperity contact area,
Eq. (7). Details o f the numerical procedure can be found in [8].
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where A = fractional contact area, c = adhesion coefficient, E = non-dimensional strain
rate [8] and 9a = asperity slope. The numerical scheme has been validated with
experimental results [9] in terms o f rolling force obtained in emulsion lubricated rolling.

3 RESULTS AND DISCUSSIONS
The effects o f oil concentration level o f the emulsion and the droplet size are
investigated at constant speed, S = 0.01 and constant capture coefficient, C = 0.5. These
effects on hydrodynamic pressure, Pf are depicted in Figures 2. It is seen at this

particular S and C for A-ds = 0.1 and 0.05, the peak o f P f initially rises slightly above the
neat o il’s curve, Ads = 1. This is the consequence o f starvation like effect associated with
emulsion lubricated rolling causing higher total pressure, P as seen in Figures 2.
However at lower AdS= 0.01, P f curve is completely lower than that o f neat oil’s curve.

Figure 2: Hydrodynamic pressure (Pf) in the work zone.

(a)
(b)
Figure 3: Total pressure (P) in the work zone.
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Fig. 4 : Oil concentration in the work zone
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Fig. 5: Oil concentration in the inlet zone

The effects o f Zbs is more notable on P f than on P with decreasing o f Zds decreases P f but
increases P. Lower Pf o f emulsion lubricated rolling could be attributed to the variation
o f Zd in the work zone (Fig. 4). However with the oil concentration level is sufficiently
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Figure 6:Hydrodynamic pressure (Pf) in the inlet zone.

Figure 7: Friction (i) in the work zone.
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Fig. 8: Percentage o f rolling force increase
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high in most part o f the work zone it may be argued that hydrodynamic pressure in the
work zone should not be dependent on Xas. The explanation for this is that the
development o f Pf in the work zone begins in the inlet zone where A-a is progressively
being concentrated (Fig. 5) and markedly affects the gradient of Pf as shown in Figures
6. In terms o f practical rolling force, which can be obtained upon integration o f P curve
throughout the work zone, it could be seen that decreasing A_ds increases the percentage
change o f Rf from that of neat oil’s case (Fig. 8).
The effect o f Zds on local friction is illustrated in Figures 7. The increase o f local friction
is a reflection o f increased fractional contact area, A, which increases with reduction of
Zds- However the torque is found to be less affected by A,ds than Rf. Figure 9 depicts the
effects o f A-ds and Ds on the non-dimensional outlet film thickness, H t2 for 3 cases. This
suggests that outlet film thickness could be controlled by either varying speed S or
emulsion’s oil concentration A,ds or Ds.

4 CONCLUSIONS
When emulsion is used in strip rolling :
i. The effect o f the oil concentration is predominantly seen in the development o f
the lubricant pressure whilst its effect on the total pressure is less pronounced.
ii. Lower emulsion oil concentration A,<is increases rolling force Rf and this effect is
exacerbated by droplet size, Ds.
iii. In addition to speed S, A.ds and Ds could also be utilized to control the outlet film
thickness, H t2.

5 ACKNOWLEDGMENTS
The authors gratefully acknowledge the financial support o f the Australian Research
Council to this project through a Discovery Grant.

6 REFERENCES
[1] R atoi-Salagean, M ., Spikes, H.A., Rieffe, H.L.: O ptim izing Film Form ation by O il-in-W ater
Em ulsions, T ribology Trans., Vol. 40, N o.4 (1997), 569-578.
[2] Schey, J.A ., T ribology in M etalw orking: Friction L ubrication and Wear, A m erican Society for M etals,
Ohio, Vol. 153,(1984), 288-289.
[3] Wang, S.H., Szeri, A.Z., R ajagopal, K.R.: L ubrication with E m ulsion in C old R olling, Trans. A SM E J.
o f Tribology, Vol. 115, (1993), 525-531.
[4] W ilson, W .R.D., Sakaguchi, Y., Schm id, S.: A D ynam ic C oncentration M odel o f L ubrication w ith
E m ulsions, Wear, Vol. 161, (1993), 207-212.
[5] Yan, S., K uroda, S.: L ubrication w ith E m ulsion: First R eport, The Extended R eynolds Equation, Wear,
Vol. 206, (1997), 230-237.
[6] Yan, S., K uroda, S.: L ubrication w ith E m ulsion II The Viscosity C oefficients o f Em ulsions, Wear, Vol.
206, (1997), 238-243.
[7] Schm id, S.R., W ilson, W.R.: L ubrication o f A lum inium R olling by O il-in-W ater E m ulsions, Tribology
T ransactions, Vol. 38, (1995), 452-458.
[8] K osasih, P.B., Tieu, A.K.: M ixed Film L ubrication o f Strip R olling U sing O/W E m ulsions, subm itted
to Tribology International (2005).
[9] Tieu, A .K and K osasih, P.B., E xperim ental and N um erical Study o f E m ulsion L ubricated Strip R olling,
to be presented in W orld Tribology C ongress, Sept. 12-16 2005, W ashington, W TC 2005-64020.

